Raman spectroscopy provides a non-invasive method to study biological samples. We demonstrate the powerful capabilities of our novel Raman modulation technique to detect weak Raman signals hidden by a strong fluorescent background.
Introduction
When a laser beam impinges upon a sample some of the beam excites the vibration eigen-modes of the molecules involved. These vibrations, in turn, frequency modulate a small proportion of the incident photons resulting in an optical frequency shift. This process can be seen as the inelastic scattering of photons and Raman spectroscopy is based on the detection of these inelastically scattered photons. The Raman spectrum constitutes an intrinsic molecular fingerprint of the investigated sample, revealing detailed information on its chemical composition and structural conformation. Recent years have seen an explosion in the use of Raman spectroscopy for biological purposes such as discrimination between various cellular components [1] , detection of biochemical change related to the cell cycle [2] , identification of normal and diseased cells [3] and diagnosis of cancer [4] .
Although Raman spectroscopy is a useful technique, it is strongly limited by the strong fluorescence background. Spectrally, this fluorescence occurs at the same wavelength as the Raman signal and is often several orders of magnitude more intense than the weak chemical transitions probed by Raman spectroscopy. Additionally, the natural variability of this background makes biochemical analysis using Raman spectroscopy impractical. Numerous experimental methods have been introduced in order to extract the Raman information from the raw acquired spectrum and to completely or partially reject fluorescence background [5, 6] . These include the use of wavelength shifting, time resolved Raman spectroscopy, polarization modulation techniques and simple background polynomial fitting. Though each of these methods has been shown to be useful in certain situations, they are not without significant limitations. 
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Method and results
Here, we present a novel modulated Raman spectroscopy technique to filter out the Raman spectra from the fluorescence background by continuously modulating the excitation wavelength [7] . Indeed, the wavelength position of the Raman peaks is directly linked to the excitation wavelength. Thus changing the excitation wavelength shifts the Raman peaks while the fluorescence background remains essentially constant. Exploiting this physical property allows us to clearly distinguish between the Raman signal and the fluorescence background. Our method is related to wavelength shifting Raman spectroscopy but incorporates two key novel elements: (i) the use of a continuously modulated excitation wavelengths and (ii) multi-channel lock-in detection of the Raman signal for real-time suppression of the fluorescence background.
The multi channel lock-in detection technique relies on synchronizing the spectra acquisition with the wavelength of the tunable laser (see Fig. 1, left) . Knowing the precise excitation wavelength used for each acquisition, we can, using a linear least square approach, decompose the raw Raman spectrum into a static background and a modulated Raman spectrum (see Fig. 1, right) . The results from this decomposition are compared to other Raman retrieval algorithms such as Fourier transform, variance analysis and principal component analysis. Here, we used two comparison criteria corresponding to the signal to noise ration and the linearity of the final Raman signal.
Applications
To demonstrate our robust and powerful technique, we apply this method to the characterization of cells for biomedical diagnosis and organelle differentiation. Importantly, by analyzing separate spectra from the membrane, cytoplasm and nucleus of single cells, we are able to identify characteristic Raman features associated with DNA, protein and lipid molecular vibrations for discriminating between different location inside the cell, away from interfering fluorescence background. In addition, our method avoids potential misinterpretation of the data due to the standard background subtraction procedure. Finally, using the Principal Component Analysis (PCA) for the interpretation and classification of the Raman data, we demonstrate that our modulated Raman spectroscopy facilitates spectral assignment and increases detection sensitivity, opening the way for biomedical imaging. In particular, the reduced background variability of modulated Raman spectra with respect to the standard Raman enhances the relative importance of pure Raman peaks in the PCA. This explains the improved PCA prediction efficiency of the modulated spectra versus the standard method. These results are particularly encouraging, as this method will enhance the use of Raman for biomedical applications, including disease diagnosis.
